Introduction
Batteries are becoming more and more essential to modern life as the world moves away from the non-sustainable use of fossil fuels. Therefore batteries are required to demonstrate good performance under diverse conditions. The safety and performance of lithium ion batteries are highly dependent upon the materials that are used to produce the batteries [1] as well as on the battery size, design, quality and energy content [2] [3] . Abuse of batteries to cause damage to batteries are carried out due to safety issues, especially when the deployment of the batteries is large [3] [4] [5] . Potential damages include cell rupture, release of debris (leakage) and test box damage [5] . Short circuit predictions are used as criteria for initial cell failures, but detail failure patterns and comparative analysis for battery degradation is rarely found in the available technical literature. In [6] modelling approach is used to predict short circuit under mechanical abuse, and available experimental results were used to verify the model. The quasi-static analysis was carried for the representative sandwich model, and scaled thicknesses of each battery component were used for complete battery model, this approach provides a good base to set different short circuit detection criterion but due to scaled thickness failure pattern may differ compare to real-time failure. In [7] short circuit of the battery is observed using two mechanical loading conditions including compression and bending, nominal stress-strain failure criteria are used; however simulation model to validate experimental work is not considered.
Assumptions based on past research were that the cell voltage could be used to identify the initiation of mechanical failure [8] [9] . Tension (stress: strain ratio) causes an initiation of cutoff [4] [10] . Rigid rod indentation tests calibrate with hemispherical punch test results, so the hemispherical punch was not used in the current research as it was previously used by [11] , in [4] , authors pointed out that observations of mechanical abuse to lithium ion batteries during experiments of cell voltage were useful for identifying the moment of mechanical failure. The moment a voltage drop occurred was the instant that structural, mechanical failure occurred [4] . "The short-circuit initiation was assumed to be co-located along the same coordinates at which the principal tensile stress first reaches a certain magnitude" [4] .
In [11] , authors carried out experiments to identify the cut-off stress and reported that tension causes a complex failure process. They reported that cut off stress occurs at 10 MPa, and identified as the tensile strength cut off. The tensile strength cut-off is assumed to be the value that controls the onset of a short circuit [11] . Cut-off stress largely depends on the battery material, operating and loading conditions of the battery.
In [6, 7, 11, 13, 14, [20] [21] [22] [23] different approaches are used to investigate short circuit of batteries where mechanical loading is used to perform abuse testing. In [11] , four test protocols are used to investigate short circuit, similar test protocols are also used in [7] where standards given in [15] are followed, and in [16] similar techniques are used for simulation.
Temperature variations are not considered in battery abuse failure, and is useful to predict battery degradation and short circuit; however sudden force and voltage drop are used as a failure of battery and initiation of the short circuit [9] .
Short circuit leading to thermal runaway is not found in detail but extreme abuse conditions according to battery testing standards SAE, J2464 [15] is found in literature where nail penetration, oven test, crush test internal and external short circuits are used to evaluate thermal runaway and spreading of thermal runaway into adjacent cells [17] [18] .
To validate lithium-ion battery results, adoption of closest possible formation is important as the size of the battery and individual layer formation can play an important role to provide accurate results. Different numerical simulation techniques are found in the literature including representative sandwich (RS) model [6, 20] , representative volume element (RVE) model [21] and layered formation [11, 22, 23, 27] for different types of lithium-ion batteries including pouch, prismatic and cylindrical cells. Element size selection and type of element is crucial in this regard for computational efficiency. Courant criterion for element edge length given in [23] is useful to estimate critical element edge length and time step calculations for this young's modulus and density of the material is required to estimate these values. Eq. (1) is used for this "l" is edge length of the element, ∆t is critical simulation time step, E is Young'' modulus, and ρ is the material density.
Material cards for different battery materials is also crucial to better represent battery simulation model, so commonly used material cards found in literature are MAT-63-CRUSHABLE_FOAM for jellyroll material used by [11] , MAT_24_PIECEWISE_LINEAR_PLASTICITY for steel casing used by [11] and MAT_20_RIGID for load; however for current collectors MAT_PLASTIC_KINEMATIC is used in [19] . Computation time using around 40000 elements with the element size of 0.8mm in [11] was 2.5 hrs; however with moderate element size in [19] with the total number of 108000 elements computation time was 8 hours for mechanical only simulation and 16 hours for coupled simulation. Thermal runaway detection strategies force-displacement, voltage-temperature, stress-strain, SOC dependency and separator failure discussed earlier are used in this paper. Separator failure is one of the indications of initial battery failure where due to the melting of separator layer contact can be established between active materials and current collectors of the battery.
Methodology
In this paper, both experimental and numerical simulation approaches are used to understand lithiumion 18650 battery failures and various failure strategies are considered to detect signs of thermal runaway. Separator failure criteria given in [19] is investigated for two test protocols discussed later in this paper using numerical simulation model. Thermal analysis using infrared camera and thermocouples attached in different surface locations is carried to detect signs of thermal runaway.
For thermal runaway detection temperature and voltage variations are important parameters in this regard.
Experimental approach
In this paper two sets of experiments are used, the first experiment is used for cell conditioning using charge, discharge and continuous monitoring of temperature and open circuit voltages (OCV), as voltage and temperature variations are important to understand short circuit induced thermal runaway.
In the second experiment controlled chamber is designed using 3mm thick polycarbonate sheets to provide maximum protection to equipment and personnel. Calibrated mechanical press with load cell was used which is equipped with the data logger, thermal camera and laptop to capture and record data when different loading conditions are applied on initially conditioned cells. 6
Numerical simulation approach
For numerical simulation analysis of 18650 cylindrical lithium-ion battery, moderate number of elements are used. The size of the element varies as detailed in literature where element size of 0.25 to 0.8mm is found. In this paper element size for steel casing is 0.5mm and for all other layers is 1mm
and this totals 103306 elements for single cell model and computation time for coupled mechanical and thermal analysis is 8 hours.
Validation of the model
To validate numerical simulation model comparison of structural deformation and temperature variations is conducted. Results for four test protocols discussed in experimental section are compared with numerical simulation results.
Description of experimental approach
Short circuit initiation is an important criterion to detect signs of thermal runaway in the case of mechanical abuse. Cells used in this work are Samsung 2200mAh lithium-ion cell from Samsung, Korea. The cell has dimensions of 18mm diameter and 65mm height. Low capacity cells were chosen to avoid severe conditions during cell conditioning and actual tests.
In this paper cell temperatures are not fixed, so the temperature variations are results of natural heat up and cool down. The cells were charged and discharged at three different Crates 0.3C, 0.5C and 1C. Self-discharge was ignored due to the frequency at which the cells were used. To achieve accuracy and consistent results constant current (CC), constant voltage (CV) regime was used to condition all the cells used in this research. The discharge portion of the test cycle was performed at a constant current. The test protocol for each charge/discharge rate was as follows [24] :
1.
Step 1 -Rest for 1 minute 2.
Step 2 -Charging. The cell was charged at the specified rate until a cut off voltage was reached. This voltage was maintained until the current dropped to 0.01C (i.e.
22mA for these cells).
3.
Step 3 -Discharge. The cells were discharged at the specified rate until the voltage dropped to cut off voltage.
4.
Step 4 -Rest for 1 minute
The high rate of change of temperature causes sudden voltage drop which is evident in this research and discussed in detail concerning different abuse conditions. The temperatures are measured at three sites on the surface of each battery. The method of thermocouple attachment on the battery was implemented because it is a more practical method than, for example, the use of adiabatic Accelerating Rate Calorimetry (ARC) that requires access to an adiabatic calorimeter and causes gas release [5] . Attaching the thermocouples to three parts of the battery cell allowed the top, bottom and mid-surface battery sections to be evaluated for temperature changes [28] . Thermocouples are attached to the surface of each battery at the positive charge terminal end (+ve), the mid-surface and the negative charge terminal (-ve).
Battery testing protocols used in [11] is further investigated with the initial state of charge (SOC) and temperature variations where displacement, Force, temperature and voltage measurements are recorded after quasi-static loading is applied to the batteries.
Detailed experimental setup for mechanical loading is shown in figure 2 , where all the equipment used with tests setup are shown. Quasi-static loading is used and loading speed was 1mm/min. The trials were run in five different SOCs (0%, 25%, 50%, 75% and 100%) to evaluate thermal runway of 18650 lithium ion battery cell at different SOCs. Authors in [11] also worked on 18650 lithium-ion batteries and SOC is kept constant at 10%, and temperature variations are not considered. In this work temperature variations concerning SOC is considered which varies at different loading conditions.
Description of numerical simulation approach
Based on above mentioned thermal and mechanical properties simulation model is designed to understand quasi-static loading on battery cell. For simulation, all layers (steel casing, anode, cathode, separators, anode current collector and cathode current collector) are considered 0.3mm thick and inner most radius is considered 1mm as detailed in [29] . It is important to understand individual layers material properties for stress/strain relation and for that two foam material models discussed in [13] with compression and three-points bending test were considered for initial investigation. True stress/strain curve from dogbone specimen for shell casing is given in [6] and [20] , nominal failure stress and failure strain are used from experimental results, and for each test case values at 0% SOC are used to check if the model predicts failure. Shell casing material is modelled using MAT-24-PIECEWISE-LINEAR-PLASTICITY in LS-DYNA. Separator, anode and cathode are considered as a MAT-63-CRUSHABLE-FOAM model, and anode current collector and cathode current collector are modelled using MAT-003-PLASTIC-KINEMATIC. Stress/strain curve for the separator, active anode material and active cathode material is used from [29] and [31] . Central core and cell terminals are not considered in this paper.
Concentric layer formation for the battery is used by Siva et al., as given in [29] . As cells have spiral wound formation in general, concentric layer model represents this structure, the main aim is to find an alternative way to model the battery and each layer is independent of other in the case of geometry, and layers share mechanical and thermal behaviours when the load is applied. Due to the higher number of elements used for this simulation, lowest termination time values are used. Parameters used for all layers in LS-DYNA simulation are taken from [11] , [30] [31] and given in Scaled layer thickness of each layer is chosen, where 0.1mm and 0.3mm thicknesses are found to be more accurate, but due to computation time results are concluded from 0.3mm thick layers. Layers properties are used form experimental work and literature.
Results and Discussion
This section provides detail results obtained from experimental test and numerical simulation and validation of results.
Mechanical failure due to loading
To understand mechanical failures, force-displacement and voltage-temperature response due to loading are observed, and failure pattern is closely monitored which indicate short circuit initiation and thermal runaway as the temperature increase in the short period and cells undergo permanent damages. Detailed results are given in this section. 
Short circuit initiation
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As shown in figure 3 , the displacement varies at various SOCs therefore to generalize results and achieve accuracy, displacement cut off point was set to 6.94mm which is average displacement as given later in this section. At the point when force starts to decrease short circuit occurrence is reported as less force is required to deform internal layers of the cell.
Force vs. displacement and voltage vs. temperature, for all test scenarios, is presented, most of the batteries appear to have experienced short circuit followed by temperature increases, except for the 0% SOC Circular Punch test. Voltage drop was significant to mention failures.
As shown in figure 3 (d Table 2 : Mean displacement at short circuit
The average displacement that began short circuit was 6.94mm, and it appears that flat plate deformation tests developed short circuit earlier compare to other loading conditions and for this case mean displacement is nearly 6mm, this finding is similar to the displacement observed by [11] who also tested indentation on 18650 lithium ion cells. In [11] , authors observed that displacement greater than approximately 6.5 mm was associated with the outer shell of the casing fracturing and followed by the jelly roll fracturing internally and initiation of the short circuit.
Nominal stress-strain behaviour
Nominal stress and nominal strain behaviors are calculated using Eq. 1 as follows, =
"F" is the force applied as shown and discussed in this chapter and previous chapter, "A" is the area of contact as given in [7] as follows,
"l c " is the length of the cell and width of the contact b c was calculated by Eq. 3, as given below,
stain ε n can be obtained using Eq. 4, given as follow
Compression modulus for flat plate deformation (E cf ) is also calculated and found that occurrence of short circuit is the point where cell failure start to develop and for this test E cf is 205MPa. For rod test, failure strain showed linear relationship and had adjusted R square fit of 0.8449, as shown in figure 4 , "ɛ fr " represents failure strain for rod indentation test. 
Eqs. (5) and (6) can be used for rod test failure strain and stress respectively, where "ε fr " represents failure strain, and "σ fr " represents failure stress for rod test. With the increasing SOC failure stress increases and directly link to the electrochemical behaviour of cells where cell stiffness increases as SOC increases, this is in agreement with the researches from [7] and [11] .
Governing equations for circular punch failure strain and failure stress are as follows,
To better understand and generalize cell failure due to three-point bending, failure strain for three point bending test is shown in figure 4 (e).
Eqs. (9) and (10), shows linear fit for three point bending "ε " represents failure strain and σ ft represents failure stress for three point bending test.
Linear fit for flat plate deformation was obtained and adjusted R square was 0.9468. Like circular punch test flat plate deformation had linearly increasing response, with increasing SOC failure strain has highest values. Eqs. (11) and (12) From failure stress and failure strain for all loading conditions, it can be concluded that failure stress and failure strain at 25% and 50% SOCs have identical values for individual tests, except flat plate deformation where failure stress is linearly decreasing with increasing SOC.
Numerical simulation analysis
Parameters obtained from experimental work and available literature are used for the numerical simulation model, nominal strain failure and heat transfer between layers is considered by using parameters in contact cards as detailed in earlier sections. Results obtained from numerical simulation are discussed in this section.
Structural failure analysis
Structural failure analysis is conducted using LS-DYNA numerical simulation tool in this analysis simulation models show good correlation with experimental work as shown in figure   5 . Temperature variations for all test protocols are observed for validation of results.
Temperature variations
Temperature cut off is considered when the temperature started to change from the initial value, and indicates short circuit occurrence. Temperature variations for surfaces of cells for rod test, circular punch, flat plate deformation and three-point bending are as follows. shown in figure 6 . Uncontrolled temperature within the short instance of time indicates thermal runaway occurrence as voltage drop is also observed at this point.
Validation of simulation model
To validate short circuit initiation concerning separator layer temperature variations, further analysis was carried out on circular punch and three-point bending numerical simulation model. Separator layers have the lower melting point in lithium ion battery construction, it can melt at around 144°C [19] , and so separator failure can occur earlier compare to other layers failure as separator layers have comparatively high temperatures. 
Indication of thermal runaway
To understand the permanent damage to the cell, two cells were chosen randomly from all tested cells. All cells experience short circuit and undergo thermal runaway, and electrical, mechanical and thermal properties change. Cells with the unusual response for all test scenarios are chosen to investigate for remaining capacity in this section, and initially low Crate is applied, and then high C-rate of up to 1C is applied to check either cell undergo sleeping mode or permanent damage condition. Results and respective observations are discussed in detail. Like in rod test only 0% and 50% initially tested SOC cells were in good condition without any crack which was appropriate to carry out the further experiment.
Circular punch 0% SOC damaged the cell and flat plate 25% SOC damaged cells showed excellent charge-discharge behaviour after post-failure assessment, however other cells started to charge as 1C charge current (2.2A) was applied, but after some time, they started to loose charge and temperature increment was noticed. They were removed from charger to observe variations and slow voltage drop is observed which shows severe internal damages occurred in these cells and not allow to charge transfer and these damages are impossible to revert however due to heat capacity and thermal conductivity characteristics it is still possible that these sufficiently damaged cells can contribute towards the temperature increase of adjacent cells in the pack because battery terminals are still in good shape and may behave same in these events unless they come under crash zone in particular loading direction. For flat plate and three point bend test, cells start to hold the charge for short period of time but after some time while connected to power supply they started to discharge, and high ripples are observed in flat plate test, this analysis shows internal electrochemical discrepancy due to damages. Maximum temperatures for both tests were above 100˚C and slowly drop down to ambient temperature.
Conclusions
The objective of the current research was to successfully investigate thermal runaway of 18650 lithium-ion batteries. Quasi-static loading conditions were applied to cause 
